Abstract-One of important problems to be solved in Japanese trunk transmission systems is the reduction of short-circuit capacity. As one solution, double buses are split into two buses in some substations. In recent years, dispersed generators have been introduced in lower voltage classes due to the deregulation of the electricity. A fault current exceeding the capacity flows during a short-circuit fault by the connection of dispersed generators. One of the key technologies for solving the above problem is the fault current limiter. We are presently conducting research on the effect of the introduction of fault current limiters into a power system. In this paper, we describe the results of operation tests of the SN transition superconducting fault current limiter (SCFCL) using 3 phases of SCFCL modules against various kinds of system faults or inrush current in the power system simulator installed at Central Research Institute of Electric Power Industry (CRIEPI).
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I. INTRODUCTION
T HE superconducting fault current limiter is promising as a countermeasure against the increment of short-circuit capacity, and for the protection of power apparatus and the improvement of transient stability, so many researchers worldwide have been developing many kinds of SCFCL [1] . Most of them have been tested in small electrical circuits in laboratories, but few SCFCLs have been tested in a power system [2] . In order to introduce SCFCL into a power system, not only its behavior under fault conditions but also many properties must be verified. For example, SCFCL must not operate when an inrush current flows through it.
In order to verify the behavior of SCFCL in a power system, various operation tests of the SN transition resistive SCFCL were conducted in the power system simulator installed at CRIEPI [3] , [4] . 
A. Specifications of SCFCL
The SCFCL consists of bypass circuit made of YBCO thin film and Ni thin film [5] . The structure of the SCFCL element is shown in Fig. 1 .
The YBCO on a sapphire substrate is 0.3 thick, 1 cm wide and 12 cm long. The thickness of Ni thin film is 0. 2 , and the AlN substrate is 5 mm thick, 5 cm wide and 14 cm long. The YBCO is partly covered by Ag and connected to Ni thin film by indium.
One SCFCL module consists of four elements connected in series. The specifications of a SCFCL module are listed in Table I .
Three SCFCL modules are immersed in liquid , and tested in the power system simulator described in the next section.
B. Power System Simulator and Model System
CRIEPI has a full-scale real-time simulator, which has electric characteristics equivalent to these of real-scale generator units and EHV AC and DC power transmission lines. Using this simulator, the operational feasibility of the SCFCL in a power system is verified.
Under the assumption that a short-circuit current exceeds the breaking capacity of the circuit breaker because of the connection of dispersed generators of large capacity in distribution TABLE II  TEST ITEMS lines, we construct the model power system shown in Fig. 2 and demonstrate that the SCFCL limited the fault current to below the breaking capacity.
As shown in Fig. 2 , the parallel line for 3,300 V, which simulates a 60 km length of a 66 kV transmission line, is connected to an infinity bus. A 1,650 V feeder, which simulates a 6 km length of a 6.6 kV distribution line, is connected to the upper system through a transformer. The dispersed generators are connected to the bus, so the current of a short-circuit fault near the bus exceeds the breaking capacity of CB 5. The SCFCL is installed in the outlet of the feeder and the fault point is changed from F0, the nearest point to the bus, to F4 to vary the fault current.
III. EXPERIMENTAL RESULTS
In order to introduce SCFCL into a power system, we think that at least the four tests of technical items in Table II , the reliability test, the nonoperation duty test, the fault current limiting test and the system operation test, must be performed.
A. Reliability Test
First, we tested applied voltage up to 1,650 V with no load current. The test result verified that voltage up to 1,650 V could be applied in SCFCL. Next, we inserted the resistive load at the end of the feeder and load current up to 40 Arms was supplied to SCFCL. For excitations of both 10 Arms for 15 minutes and 40 Arms for 1 minute, there was no change in the voltage or the liquid nitrogen height, so we judged that SCFCL maintained superconducting condition. 
B. Nonoperation Duty Test
In a power system, SCFCL must maintain a superconducting condition in the following states: 1LG (one line to ground fault) in this model system (the SCFCL is installed on the secondary side of a transformer with nongrounding system), and inrush current in the case of switching in the transformer with no load. Therefore, we checked the nonoperation duty by the 1LG and inrush current tests.
Because of the initial phase and residual magnetic flux in the transformer, the inrush current varies, so we conducted the inrush test three times. The maximum peak value of the inrush current was about 60 A, and the SCFCL maintained a superconducting condition.
The 1LG fault tests were also conducted. The magnitudes of fault current were about 50 Arms, so SCFCL was also superconducting.
C. Fault Current Limiting Test
It is most important to verify the high speed and effective operation of SCFCL against various faults, so we tested the response of SCFCL when a 2LG or 3LG fault occurred at any point from F0 to F4. The fault current becomes smaller with distance between the installation point of SCFCL and the fault point. Therefore, most of the tests were carried out at F0 and F1.
The test result of 3LG at the F0 point is shown in Fig. 3 . The fault occurs at about 0.18 s, and all SCFCLs of three phases operate at high speed. The voltage across the SCFCL increases gradually during the fault (Fig. 3(a) ), and the current decreases gradually (Fig. 3(b) ). In Fig. 3(c) , the voltage across the SCFCL becomes resistive after the fault, so it is in the same phase as the current through SCFCL. The resistance rises by approximately 10 ms to the resistance at , and then it increases gradually, because of temperature rise of the Ni thin film. In this case, the temperature of Ni thin film is estimated to become about 220 K. We also conducted with various fault durations up to 0.3 s. We verified that the maximum temperature became about 270 K, but the SCFCL operated without damage.
The test result of 2LG with phases a and b at F1 is shown in Fig. 4: (a) voltage, (b) current and (c) calculated resistance. It is clear that SCFCL of phase c is the healthy phase that does not operate but maintains the superconducting condition. In Fig. 4(c) , resistances just after the fault are almost the same as the resistances at in Fig. 3(d) , but final resistances are smaller. This is caused by the difference in the fault currents between F0 and F1. In this case, the temperature rise of each Ni thin film is estimated to be about 130 K in phase a and about 110 K in phase b.
D. System Operation Test
In overhead lines, reclosing is required after fault clearance. For SCFCL in the power system, the superconducting condition must also be recovered after reclosing. However, the recovery time from the normal condition to the superconducting condition of SN transition resistive SCFCL has not been evaluated precisely. Hence, we conducted the reclosing test after the dead time of 1 minute, which was determined from system operation in 6.6 kV distribution systems in Japan. The test results are shown in Fig. 5 . The whole measured waveforms of voltage and current are shown in Fig. 5(a) , and the expanded graph just after reclosing is shown in Fig. 5(b) . The phase between voltage and current shifts about 90 degrees, and the amplitudes of voltage and current return to almost the same as those before fault occurrence. Consequently, we judged that SCFCL recovered after 1 minute of dead time has passed. We shortened the dead time to 10 s, and checked the recovery of SCFCL. Under the condition of 3LG at F0 with 0.3 s fault duration, which were the most severe conditions in this model system, SCFCL recovered after 20 s of dead time, but it could not recover after only 10 s of dead time.
E. Additional Test for Recovery
We verified that the recovery characteristics were good enough for the operation of this model system, so we conducted an additional recovery test where reclosing was carried out with no dead time. SCFCL was not damaged under the severe conditions described above, and it recovered after several cycles and several seconds. Fig. 6 shows calculated resistances at fault point F0 with the fault duration of 0.2 s and the load current of 10 Arms. All SCFCLs recover by several seconds after fault clearance.
The relationship between the final temperature and the recovery time in all additional tests is shown in Fig. 7 . Only in one case of fault point F0, fault duration of 0.2 s and load current of 23 Arms, SCFCL could not recover to the superconducting condition. This point is shown by the symbol X in Fig. 7 .
On the basis of the results of the additional recovery test, we conclude that there is a possibility that SCFCL can be installed at the bus tie, as proposed in [6] .
Finally, we measured and also verified that there was no change from the measured before the tests. We conducted fault current limiting tests more than 80 times, but the SCFCL was not degraded.
IV. CONCLUSION
Through all tests, we could verify the following items: (a) SCFCL operates at high speed and effectively against the 3LG or 2LG fault, the current of which exceeds the limiting start current. 
